In order to tailor the magnetic nanoparticles (MNPs) properties for intended applications, it is crucial to unravelling their fundamental dynamics with respect to excitation magnetic field. In this work, we report on the development of a sensitive AC magnetometer using a resonant excitation coil for this purpose. The excitation coil fabricated from a Litz wire is connected to a capacitor network to reduce the impedance of the circuit efficiently. The high efficiency showed by the excitation coil enables investigation of MNP's dynamics in the nonlinear magnetization region. We demonstrate the sensitivity of the developed system by measuring the harmonics distribution of multi-core iron oxide nanoparticles suspended in solutions with the iron concentration down to 300 ng/ml. We experimentally show that the first harmonic component is not entirely 'transparent' to the diamagnetic background of the carrier liquid compared to the higher harmonics. We also demonstrate the complex magnetization measurement of the iron oxide nanoparticles in solution and immobilized states from 3 Hz to 18 kHz. A highly sensitive exploration of MNPs' dynamics can be expected using the developed AC magnetometer.
I. INTRODUCTION
roperties characterization of magnetic nanoparticles (MNPs) is essential for their standardization and optimization to ensure continuous improvement and performance for specific applications [1] - [3] . One of the magnetic characterization methods of MNPs is the AC susceptibility measurement where this method can provide fast and abundant information on their dynamics such as harmonics, size distribution, magnetic anisotropy and hysteresis loop [1] , [2] , [4] - [6] . Moreover, the AC susceptibility measurement can also be used to monitor the interaction between MNPs and their environment such as binding reaction in magnetic bio-detection application [7] , [8] and viscosity of suspension liquid [6] , [9] . To serve these purposes, various developments of AC magnetometers have been reported. In fact, depending on the applications of MNPs, the intensity and the frequency of the excitation magnetic field, as well as the concentration of MNPs, are different. Therefore, a sensitive AC magnetometer that can cover wide ranges of field intensity and excitation frequency is much desired to serve as a characterization tool.
One of the technical issues in constructing an AC magnetometer is the rapid increase of the impedance of excitation coil at the high-frequency region besides the direct feedthrough of the excitation field at the detection unit [10] , [11] . The increase of the impedance will limit the field intensity range at the high-frequency region. A superior current supply can be used to overcome the impedance and to maintain a high field intensity at the expense of high cost. Alternatively, since the increase of the impedance is mainly due to the inductance, the impedance can be reduced by miniaturization of the excitation coil [11] . However, this may reduce the homogeneity region of the excitation field. Moreover, the reactance due to the inductance can be cancelled out based on the electrical resonance of a series RCL circuit at a narrow bandwidth frequency. In the case of an induction coil is used to sense the magnetization of MNPs, the direct feedthrough can be reduced by using a gradiometer configuration and/or a filter [10] , [11] . However, introduction of the filter may reduce the detection bandwidth and the response linearity, depending on the filter characteristics.
In this work, we report the development of a sensitive AC magnetometer using induction coils for MNPs characterization in the nonlinear magnetization region. To reduce the impedance of the excitation coil at the high-frequency region, we use a resonant capacitor network which is connected in series to an excitation coil fabricated from a Litz wire. The capacitor network is designed to achieve resonance at discrete frequencies on a logarithmic scale. A first-order axial differential coil is used as the detection sensor to realize P Fig. 1 (a) . The schematic diagram of the AC magnetometer using a resonant excitation coil. (b) Picture of the excitation and detection unit setup.
2 attenuation of the direct feedthrough and high sensitivity. We demonstrate the sensitivity of the developed system by evaluating the harmonics of multi-core iron oxide nanoparticle solutions at different concentrations. We also show the capability of the developed system to assess the complex magnetization of the iron oxide nanoparticles in a wide frequency range. Fig. 1 (a) shows the schematic diagram of the developed AC magnetometer which consists of two main parts: magnetic field excitation and magnetic response detection units. Using a cylindrical surface current model [12] , an excitation coil was designed to produce a high homogeneity and strong excitation magnetic field for a 1-ml cylindrical sample. To prevent voltage breakdown and sparks between the winding layers, and mitigate the temperature rise during the excitation of a high magnitude and frequency of electric current, the excitation coil was separated into two identical coils by a 4-mm gap. Each identical coil had a 24-mm length (lExcite) and 30-mm inner diameter and was fabricated to be 150 turns using a Litz wire composed of 60 strands of 0.1-mm Cu wires. The excitation coil was connected to the capacitor network to form an RCL circuit, which was constructed from multiple values of polypropylene film capacitors. The resonant frequency was determined from the selected value of capacitance. The resonant frequency fR of the RCL circuit is given by 1 , 2
II. EXPERIMENTAL

A. AC Magnetometer using Resonant Excitation Coil
where L and C is the inductance of the excitation coil and capacitance of the capacitor network. The resistance and inductance of the excitation coil measured by an LCR meter (GW INSTEK LCR-816) were 1.352 ȍ and 1.518 mH at 1 V and 1 kHz. For the magnetic response detection unit, an induction detection coil was fabricated using a 0.25-mm Cu wire. The detection coil was configured to be a first-order axial differential coil, whose inner diameter was 15 mm and one coil had 1000 turns and length lDiff = 20 mm. A 3-mm gap separated the two identical coils which were connected in opposite-series configuration. The detection coil was placed inside the excitation coil, and the cancellation rate of the excitation magnetic field was improved by manually tuning the position of the detection coil at the axis of the excitation coil. The detection coil was connected to a lock-in amplifier (LI5640, NF Corporation) for a phase-sensitive detection. The picture of the excitation and detection unit setup is shown in Fig. 1 (b) . The resistance and inductance of the detection coil measured by the LCR meter were 41.46 ȍ and 16.76 mH at 1 V and 1 kHz.
B. Multi-Core Iron Oxide Nanoparticle Solutions
The sensitivity of the developed system was demonstrated by measuring the harmonics of a commercial multi-core iron oxide nanoparticle, namely nanomag-D-spio D100 (Micromod Partikeltechnologie GmbH, Rostock-Warnemuende, Germany). The particles have the mean hydrodynamic and core sizes of 100 nm and 12 nm, respectively [3] , [13] . Solutions of different iron concentrations were prepared from 0.24 mg/ml to 300 ng/ml by diluting the stock solution with purified water. Fig. 2 depicts the complex impedance of the excitation coil measured by the lock-in amplifier using a 4-point terminal measurement. The resistance Rexcitation coil of the excitation coil showed a constant value of 1.3 until 10 kHz and gradually increased in a higher frequency region. The measured reactance Xexcitation coil of the excitation coil increased linearly with respect to frequency, showing that, the inductance largely contributed the increase of the impedance at high frequency. The effectiveness of the resonant technique was evaluated by measuring the current and voltage of the RCL circuit when it was connected to a current supply, operated in a constant voltage mode. The open circles in Fig. 2 show the impedance of the RCL circuit derived from the resonant current and voltage. The impedance could be maintained at a low constant value up to 18 kHz. Compared to the case when the resonant technique was not applied (the closed red circles in Fig. 2) , the impedance was effectively reduced and showed a close value to Rexcitation coil. Fig.3 (b) depicts the magnetic field distribution of the excitation coil produced by a current amplitude of 0.2 A at 50 Hz along the axis of the excitation coil. The distribution was measured by a Teslameter. The homogeneity of the excitation field for a region from 30 to 42 mm was calculated to be 94%. A sample could be placed within this region to obtain a high uniformity of magnetization. The excitation coil showed a high efficiency of 5.2 mT/ampere at the high homogeneity region, enabling characterization of MNPs in the non-linear magnetization region [11] .
III. RESULTS AND DISCUSSIONS
A. Resonant Excitation Coil
B. Detection Coil
The impedance of the detection coil is shown in Fig. 2 . The impedance increased when the frequency was more significant than 1 kHz and a self-resonant characteristic was observed at 70 kHz. The self-resonant characteristic was due to the parasitic capacitance between the winding layers, which its value was calculated to be 300 pF. Using a small 30-turn coil, the gradient characteristic which is shown in Fig. 3 (a) , and the sensitivity of the detection coil were measured. From the gradient characteristic, the detection sensitivity of a sample can be improved when the sample is placed at an optimized position relative to the detection coil. Furthermore, the peak of the gradient resided near the edge of the high-homogeneity region of the excitation field where a slight reduction in sensitivity can be expected when the sample is at the centre of the high-homogeneity region. Fig. 4 shows the magnetic noise of the developed system during the excitation of 834-Hz and 15.6-mTpp magnetic field. The harmonic spectrums were observed due to the direct feedthrough of the excitation field. The cancellation rate of the first-order differential coil was calculated to be Bdetect/Bapply = 5×10 -3 and a sensitivity of 5×10 -10 Am 2 /¥Hz was shown at 100 Hz. Fig. 5 shows the odd harmonics of the 0.24-mg/ml iron oxide nanoparticle solution with respect to the amplitude of the 30-Hz excitation field. It is shown that the harmonic intensity increased with respect to the excitation amplitude, reflecting the non-linear magnetization of the iron oxide nanoparticles [13] . The non-linear magnetization characteristic of the iron oxide nanoparticles became more apparent when the excitation amplitude was greater than 2.6 mT. Fig. 6 shows the intensity and phase of the harmonics with respect to different iron oxide concentrations during the excitation of 834-Hz and 15.6-mTpp magnetic field. The phases of the various concentration solutions were referenced to the phase of the 0.24-mg/ml solution. The first harmonic component f1 was observed to decrease rapidly when the iron concentration was reduced. The f1 gradually became constant in the concentration region that lower than 3 μg/ml with the phase shift of 180 degree due to the domination of the diamagnetic signal from the water [14] . The higher harmonics were observed to be linearly proportional to the iron concentration with a slight deviation in their phases due to noise. The harmonics and the phases outcomes were consistent to our previously reported result in ref. [13] . This experimentally proved that f1 could be affected by the diamagnetic background of the carrier liquid and the effect of the diamagnetic background to the observed f1 depended on the iron concentration. Corrections for the diamagnetic background resulted from the eddy currents' susceptibility of the solution must be introduced if the observed f1 is utilized to determine the iron concentration. Therefore, it could be concluded that f1 was not entirely 'transparent' to the diamagnetic background compared to other higher harmonics.
C. Magnetic Response of Iron Oxide Nanoparticle Solution
The complex magnetization of the iron oxide nanoparticles in solution and immobilized states measured with respect to frequency is shown in Fig. 7 . The iron concentration for both states was 0.24 mg/ml. An agar gel was used to immobilize the iron oxide nanoparticles. Both the solution and immobilized states of the real component of magnetization m' exhibited a decay characteristic when frequency was larger than 100 Hz while the imaginary component m" increased with increasing frequency. The same qualitative characteristic of the solution and immobilized states reflected that the iron oxide nanoparticles were not highly affected by the Brownian relaxation, i.e., the magnetic moments were not thermally blocked. Although the m" peak was not obviously observed in the frequency measurement range, it could be inferred that the Neel relaxation was dominant in the iron oxide nanoparticles. Measurement at frequency above 18 kHz could not be achieved since the direct feedthrough had saturated the input dynamic range of the lock-in amplifier.
IV. CONCLUSION
An AC magnetometer using the induction coils was developed for a sensitive magnetic characterization of MNPs. The resonant coil technique was implemented in the excitation unit to reduce its impedance at high frequency and an efficiency of 5.2 mT/A was obtained. The developed system successfully measured the harmonics distribution of the iron oxide nanoparticle solutions with the iron concentration down to 300 ng/ml. The results demonstrated the significant effect of diamagnetic carrier liquid to the observed harmonics. The complex magnetization of the iron oxide nanoparticles in the solution and immobilized states showed that they were not mainly affected by the Brownian relaxation mechanism. Further improvement in the design of the detection unit could reduce the direct feedthrough and its parasitic capacitance. As a result, a sensitive characterization of magnetic fluid in a nonlinear magnetization region can be achieved by using the developed system.
